Objective To investigate the predictive index of functional recovery after primary pontine hemorrhage (PPH) using the combined motor evoked potential (MEP) and somatosensory evoked potential (SEP) in comparison to the hematoma volume and transverse diameter measured with computerized tomography. Methods Patients (n=14) with PPH were divided into good-and poor-outcome groups according to the modified Rankin Score (mRS). We evaluated clinical manifestations, radiological characteristics, and the combined MEP and SEP responses. The summed MEP and SEP (EP sum) was compared to the hematoma volume and transverse diameter predictive index of global disability, gait ability, and trunk stability in sitting posture. Results All measures of functional status and radiological parameters of the good-outcome group were significantly better than those of the poor-outcome group. The EP sum showed the highest value for the mRS and functional ambulatory category, and transverse diameter showed the highest value for "sitting-unsupported" of Berg Balance Scale. Conclusion The combined MEP and SEP is a reliable and useful tool for functional recovery after PPH.
INTRODUCTION
Although primary pontine hemorrhage (PPH) is rare, accounting for 5%-10% of intracranial hemorrhages [1] , the mortality rate is high, ranging from approximately 40%-70% [2] [3] [4] [5] and often leaves survivors in a severely disabled state. Currently, because of advancements in radiological tools and improvements in treatment, the www.e-arm.org survival rate is increasing, with surviving patients often being referred to rehabilitation units. In this regard, the prevention of complications and functional recovery through accurate prognosis are important aspects of the reha bilitation strategy.
Until now, clinical characteristics or radiological parameters, such as hematoma volume or transverse diameter measured using computerized tomography (CT), have been used to determine a predictive index of functional recovery in patients with PPH [1] [2] [3] [4] [5] [6] . The evoked potential (EP) is an objective neurophysiological tool to find a major neural tract, and it is widely utilized as a predictive index of functional recovery in stroke patients. The motor evoked potential (MEP) reflects the preservation of the pyramidal tracts, which play a crucial role in motor function, while a normal somatosensory evoked potential (SEP) suggests good functional recovery after stroke [7] . However, no study has yet assessed the suitability of using the combined MEP and SEP in patients with PPH to predict functional recovery. Therefore, the aim of this study was to assess the predictive index of the combined MEP and SEP in comparison to radiological parameters in patients with PPH.
MATERIALS AND METHODS

Subjects
Fifteen patients with PPH were recruited from the department of rehabilitation at our hospital from January 2010 to December 2012. All patient medical records were reviewed by two physicians. We excluded hemorrhages that were due to hemorrhagic transformations of an ischemic lesion, those due to arteriovenous malformation, and those that were secondary to head trauma. Patients with recurrent stroke in the pons, presence of neurologic deficits, such as peripheral polyneuropathy, and presence of contraindications to the MEP study (e.g., cardiac pacemaker, seizure history) were also excluded. All patients were treated conservatively. This study was approved by the Institutional Review Board of our institution and was performed retrospectively.
Methods
The patients were classified into two groups: a "good" and a "poor" outcome group, according to their modified Rankin Score (mRS), measured at least 6 months from procedure onset. mRS was classified as follows: 0, no symptoms at all; 1, no significant disability despite symptoms where patient is able to carry out all usual duties and activities; 2, slight disability where patient is unable to carry out all previous activities but is able to look out after own affairs without assistance; 3, moderate disability where patient requires some help but is able to walk without assistance; 4, moderately severe disability where patient is unable to walk without assistance and is unable to attend to own bodily needs without assistance; 5, severe disability where patient is bedridden, incontinent and requires constant nursing care and attention; and 6, deceased. The clinical features, radiological characteristics, and EP findings were compared between the two groups.
Clinical and radiological manifestations
We collected data on the patients' age, sex, and presence of diabetes mellitus, hypertension, dysphagia, tracheostomy, and cranial nerve injury. Additionally, we assessed functional status, mRS for daily living activities and global disabilities, functional ambulation category (FAC, 0-5) for characterized levels of walking ability, and "sitting-unsupported" criteria of the Berg Balance Scale (SUB, 0-4) for trunk control ability [8] [9] [10] [11] .
All patients were scanned within the first 24 hours after admission. However, the largest hemorrhagic volume was measured either at the time of the initial or follow-up CT, when larger hemorrhages could be seen. We analyzed the CT manifestations as follows: first, total hematoma volume was estimated using the ellipsoid formula (4/3π × a × b × c) where a, b, and c represent the respective radii in three dimensions [11] . Second, the transverse diameters presenting the largest area of intraparenchymal hemorrhage were measured. Third, extension of the hemorrhage into the medulla, midbrain, and the third or fourth ventricle was noted. Fourth, the location of the hemorrhage was sorted according to the classification proposed by Chung and Park [12] : 1, massive; 2, bilateral tegmental; 3, basal-tegmental; and 4, small unilateral tegmental.
EP studies
For the MEP and SEP studies, we used Nihon Kohden EM�/EP equipment (EP/EM� measuring system MEB-2200K; Nihon Kohden Corporation, Tokyo, Japan). EP www.e-arm.org studies were performed at 62 days (range, 29-119 days) after the onset of PPH. SEPs were recorded after stimulation of the median nerve at the wrist and tibial nerve at the ankle using a stimulus frequency of 2 Hz, a pulse duration of 50 ms, and a current strong enough to cause minimal twitches of the abductor pollicis brevis and tibialis posterior muscles. Two traces of at least 500 averaged responses for each side were recorded. The cerebral responses were recorded by surface electrodes, with an active electrode over the contralateral C3 or C4 or CZ' placed according to the 10-20 system. In both cases, the reference electrode was situated at the Fz. Impedance was kept below 5 kΩ, and recordings were filtered at 10-3,000 Hz. The N20 and P38 latencies were measured for both sides [13] . MEPs were recorded from the abductor pollicis brevis and tibialis anterior muscles after stimulation of the contralateral motor cortex with a tangentially oriented figure-of-eight coil. Two sets of responses were recorded for each side. The excitatory threshold was defined as the minimum stimulus required to elicit an MEP with a peak-to-peak amplitude of 100 μV or greater in two out of four attempts [14] . The latency and amplitude of the motor response were measured for both sides. MEP and SEP responses were classified as either normal or abnormal. We defined a normal response as a score of 1, and the abnormal response as a score of 0. The sum of MEP and SEP (EP sum) was used for the assessment of the integrity of the pyramidal tract and somatosensory pathway (range, 0-8).
Statistical analysis
All data were analyzed using Statistical Product and Service Solutions (SPSS ver. 19; SPSS Inc., Chicago, IL, USA) and R packages (V3.0.1). The Mann-Whitney U test and Fisher exact test were used to evaluate differences in demographic data between the prognosis groups. A simple regression model was used to calculate the regression coefficient (β), p-value, and explanatory power (R 2 ). Significance level was set at p<0.05.
RESULTS
The mean age of the patients was 50.14 years (range, 33-77 years). One patient was excluded because the SEP was not performed. Mean follow-up period was 23.4±11.1 months (range, 7-39 months). During the follow-up period, one patient died 28 months after study onset. At the last time point investigated, 10 patients (71.5%) were men and 4 (28.5%) were women. Four patients (28.5%) achieved a good outcome (mRS 0, 1, 2, 3), and 10 patients (71.5%) had a poor outcome (mRS 4, 5, 6). Clinical manifestations and functional statuses according to outcome are summarized in Table 1 . Age and gender frequency were not significantly different between the two groups (p=0.095 and p=0.106). The incidence of comorbidities, such as hypertension and diabetes, was also not different between the two groups. Dysphagia and tracheostomy were more common in the poor-outcome group although this finding did not reach statistical significance. In terms of functional status, mRS (p=0.002), FAC (p=0.004), and SUB (p=0.008) of the good-outcome group were significantly better compared to those of the poor-outcome group.
From the CT analysis, we found that hematoma volume (p=0.008) and transverse diameter (p=0.024) were significantly different between the two groups; 3.3±0.8 mL and 2.3±0.6 cm in the good-outcome group, and 17.4±15.2 mL www.e-arm.org and 3.1±0.5 cm in the poor-outcome group, respectively (Table 2 ). In patients, the hematoma extended into the midbrain (2 patients) or medullary area (1 patient). A further three patients showed the presence of hematomas in the ventricle. These phenomena were shown only in the poor-outcome group. Hematomas in the good-outcome group were located in the basal segmental (2 patients), small unilateral (1 patient), and small segmental areas (1 patient). Hematomas in the poor-outcome group were mainly located in the bilateral segmental (5 patients) and basal segmental areas (3 patients). No massive hematoma type was present in the good-outcome group, and no small unilateral type was found in the poor-outcome group. Values for EP sum, MEP, and SEP were not significantly different between the two groups ( .440) for SUB were higher than those for volume and EP sum. EP sum showed the highest explanatory power for all scales except SUB, for which transverse diameter showed the highest explanatory power (Table 3) .
DISCUSSION
In this study, we have confirmed the usefulness of the p-values were calculated using simple linear regression.
www.e-arm.org combining of MEP and SEP measures for the prediction of functional recovery in patients with PPH. In addition, we found that the combined MEP and SEP was a more powerful tool than measuring either the transverse diame ter or volume using CT. To the best of our knowledge, this is the first study suggesting that the combined MEP and SEP is a better indicator than volume and transverse diameter for predicting functional recovery after PPH.
The clinical symptoms of PPH include not only sensorimotor dysfunction but also dysphagia, oculomotor abnormality (dilated pupil), and respiration failure, which often lead to serious complications [3] . Previous studies on PPH have mainly focused on the factors associated with mortality [3, 12, [15] [16] [17] . Regarding functional recovery, the clinical parameters for a good outcome are con sidered to be an intact consciousness, good muscle power, and a normal pupil response [2, 5] . Only a few studies have been analyzed using different parameters, such as the �lasgow Outcome Scale, activity of daily living, and mRS. In these studies, good recovery rates were considered to be 40.7%-63% using the �lasgow Outcome Scale [1] [2] [3] and 54.5% using activity of daily living [4] . In analyzing 99 survivors at 3 months post-PPH, Jang et al. [5] reported that a good recovery rate using MRS is 19.1%, whereas, in our study, it was 28.5% at 23.4 months post-PPH. However, it is difficult to directly compare good recovery rates as analyses were not conducted at the same time the selection of patients. Our results also demonstrate that clinical parameters affect the quality of life of patients, by showing that in the poor-outcome group the self-feeding rate was 30% (3/10 cases) and the de-cannulation rate was 40% (4/10 cases) ( Table 1) . We expect that this data will be useful in the prevention of complications and in the planning of rehabilitation therapy.
Previous studies have reported that when using CT, the following parameters are predictive of a good recovery: 1, hematoma volume less than 4-5 mL; 2, maximal transverse diameter less than 20 mm; 3, no hematoma of the ventricle or extrapontine area; and 4, hematoma located on the dorsal area [1, 2, [4] [5] [6] . The CT parameters in this study also demonstrated similar results to those in the good-outcome group: 3.1±0.5 mL hematoma volume, 2.3±0.6 cm transverse diameter, and no hematoma of the extrapontine area or in the ventricle (Table 2) . Re gard less of these beneficial effects, some limitations have been noted when using imaging parameters for the identification and determination of pyramidal tract and somatosensory pathway functional integrity. �enerally, functional impairment after stroke is influenced by motor weakness due to damage of the pyramidal tract. In addition, sensory loss is experienced by up to 65% of patients with stroke [18, 19] . These two tracts play a critical role in fine motor coordination and skillful movements [20, 21] . MEP and SEP have been implicated in the prediction of functional recovery as well as in assessing the integrity of the pyramidal tract and somatosensory pathway after stroke. In a previous study, an attempt was made to provide a prognosis of patients with pontine hemorrhage using brain auditory EP and SEP. However, no conclusion was drawn due to 12 cases of death amongst the 17 subjects [22] . In 2010, Lee et al. [7] reported for the first time that the assessment of the combined MEP and SEP after stroke provides a better prediction of functional recovery than do MEP or SEP alone. We also confirm that EP sum for mRS and FAC has higher explanatory power than do MEP or SEP alone. In addition to using the combined MEP and SEP in our study, we also analyzed and compared the hematoma volume and transverse diameter based on CT findings. We found that for all functional measures other than SUB, the EP showed the highest statistical significance and R 2 value (mRS: p=0.006, R (Table 3) . However, SUB seems to be poorly represented in our study compared to FAC and mRS since postural stability may be further influenced by various vestibular, auditory, and visual factors. Collectively, our results have confirmed the usefulness and reliability of the predictive index of functional recovery after PPH when using the combined MEP and SEP. In summary, the combined MEP and SEP is superior in reducing individual variability and objectively delineates the pyramidal tract and somatosensory pathway. Nevertheless, the following limitations should be considered. First, this study was restricted only to patients referred to the rehabilitation department, and the sample size was relatively small. Second, it is difficult to predict early functional recovery following PPH because the time-point of the examination using the combined MEP and SEP varied. Third, this study did not reflect functions other than sensorimotor function.
In conclusion, we suggest that the combined MEP and SEP is a useful tool for the prediction of functional recovery in patients with PPH.
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